Introduction 70 71
A fundamental question in neuroscience is how neuronal cell types and neural circuits 72 arise and what critically guides their development. Recent studies in the dorsal 73 telencephalon or pallium have highlighted important and distinct roles for embryonic 74 neural progenitors, at both the level of single neural progenitors (Yu et al., 2009; Yu 75 et al., 2012; Cadwell et al., 2019) and distinct pools of neural progenitors (Tyler et 76 al., 2015; Ellender et al., 2018) , in shaping neuronal identity and synaptic 77 connectivity. However, much less is known about how embryonic neural progenitors 78 in the ventral telencephalon or subpallium contribute to the cellular diversity and 79 neural circuitry found within ventral brain structures. Neural progenitors in the ventral 80 portions of the embryonic brain can be found in the ganglionic eminences -transitory 81 structures that generate most interneurons of the brain and the spiny projection 82 neurons (SPNs) of the striatum (Wonders & Anderson, 2006; Wamsley & Fishell, 83 2017) . In this study we focused on the neural progenitors found within the lateral 84 ganglionic eminence (LGE) (Graybiel & Ragsdale, 1978 To investigate the relationship between neural progenitor pool and striatal 97 neuron diversity, we used in utero electroporation to fluorescently pulse-label two 98 pools of actively dividing neural progenitors in the LGE distinguished by their 99 differential expression of the tubulin alpha1 (Tα1) promoter (Gal et al., 2006; Stancik 100 et al., 2010) . We find that Tα1-expressing neural progenitors exhibit many of the 101 characteristics of the previously described short neural precursors and subapical 102 progenitors found within the LGE (Pilz et al., 2013) , including division in the 103 138
Results 139 140
The LGE of the ventral telencephalon contains tubulin αlpha1 (Tα1) expressing 141 neural progenitors 142
To investigate the relationship between the diverse pools of neural progenitors in the 143
LGE and their contribution to striatal neuronal identity and connectivity we 144 performed in utero electroporation (IUE) to fluorescently label actively dividing 145 progenitors in the ventricular zone (Stancik et al., 2010) . Two DNA constructs were 146 electroporated into the LGE: a Tα1-cre construct in which cre recombinase is under 147 the control of a portion of the Tα1 promoter (Stancik et al., 2010) , and a CβA-FLEx 148 reporter construct that incorporates a flexible excision (FLEx) cassette where cre 149 recombination permanently switches expression from TdTomato fluorescent protein 150 to enhanced green fluorescent protein (GFP) (Franco et al., 2012) . 151
We find that 24 hours after IUE the LGE contains both GFP and TdTomato 152 expressing cells, consisting of Tα1-expressing (Tα1 + ) and non-Tα1-expressing (Tα1 -) 153 neural progenitors and young migrating neurons (Figure 1A) . We find that the time of 154 IUE influenced the relative proportion of GFP and TdTomato expressing cells seen 24 155 hours later, with IUE at E15.5 resulting in a greater number of Tα1 + /GFP + cells 156 (E12.5: 4.8 ± 4.1% and E15.5: 34.5 ± 3.0%, Mann-Whitney test, p=0.002, n = 7 and 157 17 embryonic brains, Figure 1B ), suggesting that, similar to their cortical 158 counterparts (Stancik et al., 2010; Ellender et al., 2018) Tα1-expressing progenitors 159 form a considerable population of actively proliferating cells during later periods of 160
neurogenesis. 161
Using IUE at E15.5 we next investigated the spatial distribution of Tα1 + /GFP + 162 and Tα1 -/TdTomato + cells within the LGE to further characterize these cells and gain 163 insight into their proliferative behaviour. Firstly, we assessed the location of all 164 Tα1 + /GFP + and Tα1 -/TdTomato + cells and dividing progenitors relative to the 165 ventricular wall 24 hours after IUE (Figure 1C and D) . Tα1 + /GFP + and Tα1 -166 /TdTomato + cells can be found interspersed in the proliferative zone of the LGE with 167 the Tα1 + /GFP + labeled cells on average significantly further away from the 168 ventricular wall than the Tα1 -/TdTomato + labeled cells (Tα1 + /GFP + : 66.24 ± 3.57 µm 169 and Tα1 -/TdTomato + : 56.45 ± 2.90 µm, paired t-test, p=0.0055, n = 30, Figure 1C) . 170
However, when we limited analysis to only actively dividing progenitor cells, labeled 171 with the mitotic marker phospho-histone H3 (pH3), no difference was seen in their 172 distance from the ventricle (Tα1 + /GFP + : 52.28 ± 6.21 µm and Tα1 -/TdTomato + : 48.78 173 ± 3.99 µm, p=0.586, paired t-test, n = 16 brains, Figure 1D) Tinterri et al., 2018) . Indeed, when we look at the average 182 dispersion of all labeled cells in a subset of brain slices along two axis perpendicular 183 to the ventricular wall we find a positive linear correlation between the amount of 184 horizontal and vertical spread of labeled cells (R=0.56, p=0.00004, n=26 slices) which 185 is similar for both Tα1 + /GFP + and Tα1 -/TdTomato + cells (p>0.05) and is not seen 186 when we limit the analysis to only actively dividing neural progenitors (R=0.24, 187 p=0.18, n=20 slices, Figure 1E ). Lastly, the LGE has also been shown to consist of 188 several domains depending on differential expression of certain transcription factors 189 Indeed, when we look at the morphology of labeled neural progenitors we find that 198 many actively dividing Tα1 + /GFP + progenitors exhibit a short rounded morphology 199 during division and could be found at the ventricular wall ( Figure 1F ). However, 200 some Tα1 + /GFP + progenitors divide slightly away from the ventricular wall 201 resembling subapical progenitors (Pilz et al., 2013) ( Figure 1F) . In contrast, many 202 actively dividing Tα1 -/TdTomato + progenitors retained their basal process during 203 division and could be found either at or away from the ventricular wall ( Figure 1G) . 204
This was confirmed quantitatively by assessment of the number of cells in the VZ that 205 retained a basal process. Overall, we find that Tα1 + /GFP + cells often lacked a basal 206 process in contrast to Tα1 -/TdTomato + cells that retained theirs (Tα1 + /GFP + : 20.6 ± 207 4.7% and Tα1 -/TdTomato + : 35.9 ± 7.8%, p=0.03, Wilcoxon signed rank test, n = 15 208 brains, Figure 1H ). 209
A further distinguishing characteristic of both short neural precursors and 210 subapical progenitors found in the LGE is their relatively fast cell cycle kinetics (Pilz 211 et al., 2013) . To investigate whether the Tα1 + /GFP + progenitor population exhibits 212 fast cell cycle durations we performed IUE at E15.5 and subsequently fixed tissue at 213 varying delays ranging from 12 to 26 hours and labeled dividing neural progenitors 214 with the mitotic marker pH3 (Stancik et al., 2010) . Consistent with the fast cell cycle 215 kinetics described for the short neural precursors and subapical progenitors in the 216
LGE we find that the Tα1 + /GFP + progenitors return to G1/S phase faster that the Tα1 -217 /TdTomato + progenitors. Indeed, after a 16 hour delay Tα1 + /GFP + progenitors are the 218 dominant population of pH3 expressing cells (Tα1 + /GFP + : 19.85 ± 7.15% and Tα1 -219 /TdTomato + : 5.18 ± 1.72%, t-test, p = 0.025, n = 6 brains) whereas after a 20 hour 220 delay it is the Tα1 -/TdTomato + progenitors which form the dominant population of 221 pH3 expressing cells (Tα1 + /GFP + : 4.98 ± 2.11% and Tα1 -/TdTomato + : 15.81 ± 222 3.63%, t-test, p = 0.036, n = 8 brains, Figure 1I ). 223
In conclusion, our results suggest that the LGE in the ventral telencephalon 224 contains a population of Tα1-expressing neural progenitors that share many 225 characteristics with short neural precursors and subapical progenitors previously LGE with respectively the fluorescent markers GFP or TdTomato (left corresponding to respectively a short neural precursor and subapical progenitor. (G) 254
In contrast, dividing Tα1 -/TdTomato + cells predominantly retain a basal process 255 during division and can be found dividing at both the ventricular wall (top) and at a 256
distance from the ventricle (bottom) corresponding to respectively a radial glial cell 257
and bipolar radial glial cell. (H) Quantification of cells in the proliferative zones of 258 the LGE containing a basal process. Note that significantly more Tα1 -/TdTomato + 259 cells retain a basal process. (I) Estimation of cell cycle duration using embryonic 260 tissue fixed at variable delays after IUE and labeling for the mitotic marker phospho-261 histone H3 (pH3). A rapid increase in the number of neural progenitors that were 262 positive of the marker pH3 was taken as a return to the mitotic ('M') phase for that 263 population of neural progenitors and a proxy for the cell cycle duration ('Tc'). 264 265 266
Both progenitor pools can generate striatal D1 and D2 spiny projection neurons 267
Our in utero electroporation labeling experiments suggest that Tα1 expression can 268 distinguish between two pools of neural progenitor in the LGE. The Tα1-expressing 269 neural progenitors exhibit many of the characteristics of described short neural 270 precursors and subapical progenitors whereas, in contrast, the non-Tα1-expressing 271 neural progenitors tend to share many characteristics with the described radial glial When we let the electroporated embryos develop postnatally we observe many 280 GFP and TdTomato expressing neurons spread throughout the striatum (Figure 2B) . 281
The GFP expressing neurons are generated from the population of aIP neural 282 progenitors and are referred to as aIP derived and the TdTomato expressing neurons 283 from the population of OP neural progenitors and are referred to as OP derived 284 ( Figure 2B) . At higher magnifications both pools of labeled neurons exhibit the 285 morphology of striatal spiny projection neurons (SPNs) including dendrites densely 286 covered with spines ( Figure 2B) . The relative proportion of aIP and OP derived 287 neurons seen postnatally is very similar to the ratio of labeled embryonic neural 288 progenitors found 24 hours after IUE at E15.5, with a significantly larger proportion 289 of OP derived neurons (aIP derived: 36.7 ± 5.5% and OP derived: 63.3 ± 5.5%, 290 p=0.0017, paired t-test, n = 16 brains, Figure 2C ). We next investigated the spatial 291 distribution of aIP and OP derived neurons in rostral, central and caudal sections of 292 the striatum in a total of 15 electroporated brains (Supplemental Figure 2) . In 293 general, across all sections we find that the normalised position (see Methods) of all 294 labeled SPNs was biased to the medial aspects (Wilcoxon Sign Rank, p = 0.000005, n 295 = 15 mice / 23 sections, Figure 2D ), but not to either dorsal or ventral aspects of the 296 striatum (Wilcoxon Sign Rank, p > 0.05). We find that within individual sections the 297 average location of aIP derived and OP derived neurons differ suggesting that they the aIP progenitor pool to generate more PPE -D1 SPNs (vs. 50%, p<0.071, one-316 sample t-test, n = 8). Lastly, we asked whether SPNs derived from these distinct 317 progenitor pools end up in different compartments of the striatum. We used antibody 318 staining against the µ-opioid receptor (MOR) to delineate the MOR-rich patches and 319 the MOR-poor matrix compartments of the striatum (Figure 2G ). We find that on 320 average only 6% of labeled neurons can be found in the striatal patches with the 321 remainder found in the matrix with no difference between aIP and OP derived 322 neurons (aIP/MOR + : 4.8 ± 1.3% and OP/MOR + : 7.8 ± 1.6 %, n = 12, Figure 2H ). As Figure 3D ). However, labeling at this younger embryonic age seems to generate 337 fewer indirect pathway D2 SPNs (E12.5 vs. E15.5, Mann-Whitney test, p = 0.037; n = 338 8 and 12) and slightly more labeled neurons in MOR + patches (E12.5: 12.4 ± 2.4% 339 and E15.5: 7.0 ± 1.3% in MOR + patches; Mann-Whitney test, p = 0.170, n = 4 and 12, 340
Supplemental Figure 3E) . Lastly, the LGE has been shown to not only generate 341 striatal SPNs, but has also been shown to generate interneurons found in the olfactory 342 bulb (Stenman et al., 2003) . Therefore, we investigated whether we could find labeled 343 neurons also in the olfactory bulb in a small subset of mice that had undergone IUE at 344 E15.5. We did find small numbers of labeled neurons in sections of the olfactory bulb 345 (~40 neurons per section) with the majority being OP derived (aIP derived olfactory 346 bulb interneurons: 3.9 ± 0.7% and OP derived olfactory bulb interneurons: 96.1 ± 0.7, 347 n = 5 brains, Supplemental Figure 4) . 348
Overall, these results suggest that aIP and OP neural progenitors in the LGE 349 mainly generate D1 and D2 spiny projection neurons, which can be found 350 intermingled in the striatum as well as in patch and matrix compartments. Figure 3E ). We next investigated the dendritic complexity using Scholl analysis and 443 find that all neurons exhibit the greatest dendritic complexity close to the soma (~50 444 µm distance) with a small by significant greater complexity for aIP derived over OP 445 derived neurons (p=0.048, ANOVA, n = 11 and 16, Figure 3E ). Polarity analysis 446
shows that the orientation of the dendrites is not significantly different between aIP 447 derived, OP derived or unlabeled neurons and that all exhibit a radial morphology 448 ( Figure 3F) . Quantification of dendritic spines on the primary, secondary and tertiary 449 dendritic segments reveal that the aIP derived SPNs have a higher density of spines 450 than the OP derived SPNs (average aIP derived: 0.28 ± 0.02 spines/µm and average 451 OP derived: 0.20 ± 0.01 spines/µm, t-test, p=0.0058, n = 13 and 28, Figure 3G) . 452
Combined these results suggest that both aIP and OP derived neurons exhibit 453 all the electrical and morphological hallmarks of striatal SPNs. Furthermore, they 454
show that subtle differences can be detected in the morphological properties of 455 neurons derived from different progenitor pools (Guillamon-Vivancos et al., 2019) in 456 that aIP derived neurons exhibit greater local dendritic complexity and a higher 457 density of dendritic spines. 458 459 460
Integration of progenitor derived striatal SPNs into striatal neural circuits 461
We next asked to what extent aIP and OP derived neurons are integrated within the 462 circuits of the basal ganglia and striatum. To do this we performed IUE at E15.5 to 463 label both aIP derived and OP derived SPNs and examined both the synaptic inputs 464 and outputs of labeled SPNs. We first investigated to what extent aIP and OP derived 465
SPNs sample cortical afferents. Cortical afferents were activated using a stimulating 466 electrode placed in the external capsule while recording from both aIP and OP derived 467 neurons in the striatum (Figure 4B) . All experiments were performed in the presence 468 of GABA receptor antagonists to avoid erroneous activation of GABAergic afferents 469 (see Methods). We find that aIP derived and OP derived SPNs exhibit similar 470 amplitude EPSPs (aIP derived: 1.70 ± 0.44 mV and OP derived: 2.08 ± 0.62 mV, 471 p=0.974, Mann Whitney test, n = 12 and 10, Figure 4D ) and that these do not differ 472 from amplitudes found in unlabeled SPNs (unlabeled: 1.50 ± 0.33 mV, aIP vs 473 unlabeled: p=0.648 and OP vs unlabeled: p=0.650). However, we find that the 474 duration and decay time of the EPSPs are significantly longer in the aIP derived 475 neurons ( Table 2) In postnatal acute brain slices we were now able to deliver short pulses of blue light to 503 activate ChR2-mCherry expressing aIP derived neurons (Figure 5C) while 504 performing whole-cell voltage-clamp recordings of single or pairs of D1 and D2 SPNs 505 at a holding potential of 0 mV to facilitate detection of inhibitory events (Figure 5B  506 and D). We recorded from a total of 63 SPNs of which 17 were confirmed D1 SPNs, 507 15 were confirmed D2 SPNs and 31 were unclassified. Although we find that the 508 incidence of finding a connected SPN is slightly higher for the D1 SPNs than the D2 509 SPNs (D1 SPN: 47.1% and D2 SPN: 26.7%) this does not reach statistical 510 significance (p=0.517; Fisher's exact test). For the neurons that received inputs from 511 the aIP derived neurons we find no significant difference in the amplitude of the light 512 evoked inhibitory postsynaptic current (IPSC) as recorded at a holding potential of 0 513 mV (D1: 31.23 ± 18.11 pA, D2: 31.97 ± 14.69 pA and unclassified: 34.15 ± 15.30 514 pA, p=0.797, Kruskall Wallis test, n = 8, 4 and 12, Figure 5E) . 515
In conclusion, these results suggest that both aIP and OP derived SPNs are 516 embedded within the neural circuits of the striatum. Indeed, both aIP and OP derived 517 striatal SPNs receive excitatory glutamatergic cortical input and aIP derived neurons 518 send inhibitory GABAergic outputs to neighbouring D1 and D2 SPNs. Interestingly, 519
we find that aIP and OP derived neurons differentially respond to cortical inputs, with 520 aIP derived SPNs exhibiting prolonged EPSP kinetics, suggesting that they might 521 sample excitatory inputs differently. Discussion 545
In this study we examined to what extent neural progenitor pool diversity in the lateral 546 ganglionic eminence (LGE) contributes to cellular and circuit diversity in the 547 striatum. Using in utero electroporation we are able to label two distinct pools of 548 dividing neural progenitors in the LGE, which are active during later stages of 549 neurogenesis. Using differential expression of the tubulin alpha1 (Tα1) promoter we 550 are able to label a Tα1-expressing pool of neural progenitors we refer to as apical 551 intermediate progenitors (aIPs) and a non-Tα1-expressing pool we refer to as other 552 progenitors (OPs). We find that both progenitor types are actively dividing in the 553 ventricular zone of the LGE around embryonic days (E)15.5-16.5, but exhibit distinct 554 proliferative behaviours. Whereas aIP progenitors exhibit a short round morphology 555 during division, lack a basal process and exhibit fast cell cycle kinetics, OP 556 progenitors tend to retain a basal process and exhibit slower cell cycle kinetics. We 557
show that both can generate D1-expressing direct pathway spiny projection neurons 558 (SPNs) as well as D2-expressing indirect pathway SPNs found in both patch and 559 matrix compartments of the striatum. Whereas aIP and OP derived SPNs were found 560 intermingled throughout the striatum on average the aIP derived population of SPNs 561 inhabited more medial aspects of the striatum. Whole-cell patch-clamp recordings and 562 morphological reconstruction of aIP and OP derived neurons confirmed they were 563
SPNs with aIP derived SPNs exhibiting a more complex local dendritic tree and an 564 increased dendritic spine density. Electrical circuit mapping shows that both aIP and 565 OP derived SPNs sample input from cortical excitatory afferents with aIP derived 566 SPNs exhibiting differential sampling and longer duration responses. Lastly, 567 optogenetic circuit mapping reveals that aIP derived SPNs send local GABAergic 568 outputs to both D1 and D2 SPNs. Overall, we show that it is possible to label diverse 569 pools of neural progenitors in the LGE and their progeny in the striatum. Diversity in 570 the pool of progenitors can generate diversity in adult striatal neurons, which 571 manifests itself in different spatial distributions, morphological properties and 572 sampling of excitatory afferents. Several lines of evidence suggest that that the population of progenitors 586 labeled using the promoter sequence for Ta1 correspond to the short neural precursors 587 and subapical progenitors recently described in the LGE (Gal et al., 2006; Stancik et 588 al., 2010; Pilz et al., 2013; Ellender et al., 2018) . We find that the population of Tα1-589 expressing neural progenitors divides at some distance from the ventricular wall but 590 mostly with the ventricular zone, their cell cycle kinetics are fast and correspond to 591 about 17 hours, they form a large population of dividing progenitors during later 592 stages of neurogenesis (E15.5-E16.5) and lastly they lack a basal process during 593 division. These criteria are consistent to those described for short neural precursors 594 and the subapical progenitors that are often generated from the short neural precursors 595 
Progenitor derived striatal spiny projection neurons and associated circuits 615
We find that both aIP and OP neural progenitors generate neurons that can be found 616 intermingled in the striatum. By varying the embryonic time at which we perform our 617 IUE we confirm that aIP progenitors are mainly active at later stages of neurogenesis 618 as we find more aIP derived neurons when we electroporate at E15.5 as compared to 619 E12.5. Immunohistochemistry for the SPN marker CTIP2 ) 620 reveals that most if not all labeled neurons are SPNs independent of whether IUE was 621 performed at E12.5 or E15.5. Furthermore, immunohistochemistry for the D2 SPN 622 marker PPE (Gerfen et al., 1990) layer-specific characteristics in all layers of cortex (Yu et al., 2009) . Whereas the 631 neural progenitor pool of origin did not seem to affect SPN type or location in patch 632 or matrix compartments (Pert et al., 1976; Gerfen, 1984; Herkenham et al., 1984; 633 Gerfen et al., 1985; Jimenez-Castellanos & Graybiel, 1989; Gerfen, 1992 & Fishell, 1987; Fishell et al., 1990; Newman et al., 2015; Tinterri et al., 639 2018) . 640
Interestingly, we find that the different pools of neural progenitors generate 641 D1 and D2 SPNs found in different aspects of the striatum, with aIP derived SPNs on 642 average found in more medial aspects of the striatum. Already at embryonic ages the 643 aIPs and related young neurons are found at slightly more distal locations relative to 644 the ventricle, which might suggest that the location of aIP derived neurons in the adult 645
brain results from such early differences. However, migration in the striatum is 646 complex in that newly born neurons undergo tangential, radial and other forms of Interestingly, we find that aIP derived neurons exhibit a greater local dendritic 658 complexity and a higher dendritic spine density than OP derived neurons. This 659 difference might suggest that they differentially sample excitatory inputs. Indeed, 660
whereas the overall strength of cortical inputs to both aIP and OP derived neurons 661 seems similar, the aIP derived neurons exhibit comparatively long duration EPSPs. In conclusion, we show that we are able to fluorescently pulse-label two different 675 pools of neural progenitors in the LGE and their offspring. Using this method we 676 reveal that heterogeneity in neural progenitor pools in the LGE can contribute to 677 diversity in the spiny projection neurons and circuits of the striatum. In particular, we 678 find that aspects of spatial location and morphology of neurons, as well as their 679 sampling of excitatory afferents seem particularly sensitive to neural progenitor 680 origin. Future investigations will be informative as to what extent they contribute to 681 other aspects of striatal diversity (Grillner & Robertson, 2016) 
